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ABSTRACT

This report summarizes theoretical and experimental investigations
of a new form of intermittent heat engine employing pressure w.ves for
compression prior to heat addition, which were carried out at Coirnell
Aeronautical Laboratory between November 1951 and November 195S5.

This engine consists of a mumber of individual parallel tubss
cylindrically arranged which are opened and closed periodically ty two
controlled rotating valves, at the inlet and exit of the tubes. Initial
studies cf the basic operating principies were carried out in 1951 with a
single tube modeli with an enlarged coabustion chamber. Based upon these
early studies, a multitube engine model 20 inches in diameter was constrvcted
and tested. This multitube unit consisted of 24 individual wave tubes and
was constructed primarily to investigate the effect of tube interactions
upon individual tube performance and to determine the sxtent of the mechanical
problems involved in full-scale engine operation.

The theoretical subsonic performance was investigated using the
technique of the method of characteristics. The supersonic capabllities
of the wvavejet were alsc investigated and it was found that the supersonic
capabilities could be determined by extrapolation of the subsonic perfurmance
data by means of similarity consideratioms.

In order to improve the performance of the single tube engine, tests
vere conducted with a constant area tube. In ihese tests, it was found
that reignition could be achieved by use of a hot wall combusion chamber.
Although an increase in specific thrust was obtained over that of the

enlarged combustion chamber model the maximum experimental values were

-i-
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appreciably less than those predicted by the theoretical investigations.

For example, at a Mech rumber 0,65 maximum available specific thrust values
between 0.5 and 2.5 lbs. per square inch were obtained, whereas theoretical
calculations indicated approximately 13 1bs. per square inch should be
achisved. The minimum experimental specific fuel consumption values achieved
were approximately 4.3 1bs. fuel per hour per 1lb. thrust,as contrasted

with theoretically predicted values of 1.8 1bs. fuel per hour per lb.

thrust.

Estimates of the supersonic performance of a shrouded wave jet, based
upon the experimental subsonic performence, indicated that the specific
thrust would be mch less than the theoretical specific thrust of a ramjet.
However, if the theoretical performance of the wavejet could be more closely
approached, the performance of the wavejet would be substantially superior
to that of the ramjet over the range of flight speeds investigated. It
is believed that the low thrust values obtained were due, in part, to low
combustion efficiency and that future smphasis should be placed upon

improving the fuel injection system and fuel mixing prior to combustion.
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INTRODUCTION

The history of the application of non-steady flow phenoaena to heat
machines dates back to the turn of the centwry. The original applicatiions
were aimed at using part of the combustion emérgy for scavenging and for
precompression by direct energy exchange between gases. When this energy
transfer takes place rapidly, it can best be described as a wave process.

To the early investigators, the use of wave processes seemed very '
attractive, although the basic mathematical tools necessary for investigating
these processes were not developed and the necessary equipment for experi-
sental investigation of these transient phenomena was not available.

The first successful heat machine which used waves for precompression
was the gas turbine of Hans Holzwarthl. This machine consisted essentially
of a constant-volume explosion chamber which supplied hot high-energy gases
to a turtine through a system of valves. The scavenging and precompreasion
were accomplished by waves created during sudden overexpansion of the exhaust
gases, This overexpansion caused a high velocity inflow of cold gas,
producing some precompression by hammer waves When the exhaust valve was
suddenly closed. In his early machines, Holazwarth attained over-all thermal
efficiencies as high as 13 per cent. Before his machine could be perfected,
rapid advances in the development of the more efficient Diesel and Otto
engines forced the virtual abandonment of the Holzwarth gas turbine.

Shortly after Holzwarth's disclosure, other investigators became
interested in the application of nonsteady flow phenomena to aircraft jet
propulsion engineaz. Early attempts along this line were directed toward

using the Holzwarth combustion chamber which used wave precompression to
-l -
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eiiminate the piston compressor of the Lorin jet-propulsion scheme.
About this time, it was also suggested that natural resonance be used to
eliminate the valves of the Holzwarth combustor.

Further development of nonsteady flow engines after these early
resonator-combustion types was dormant v . * 1930, when P. Schmidt
jnitiated his work in propulsion. Schm.ut, cor aing natural resonance
with pressure-operated valves, developed the first successful pulsejet
and won the support of the German government in 1938. With this support,
the development of the pulsejet progressed rapidly, particularly at the
Argus firm under Diedrichz, and by 1941 the pulsejet had become the power
plant for the well-known V-1 missile.

While the Germans were busy applying nonsteady flow phenomena to a
missile power plant, C. Seippel, of the Brown Boveri Company of Switzerland,
returned to the application of nousteady flow to gas turbines in order to
extend the operating range to higher temperatures and thereby improved
efficiency. Seippel's device, called the Comprex, was perhaps the first
machine utilizing pressure waves for compression which attained a competi-
tive efficiency. Essentially, tha comprex consists of a rotating cylinder
with axial passages called wave guides arranged along the circumference.

A system of stationary no:zles and pickups supply and drzw off the gases

from points along the circumference as dictated by the wave phenomena.

The position of these noszles and pickups depends on the proposed applica-
tion of the unitB. By virtue of its compactness, the comprex, with little
weight and space addition, was expected to appreciably increase the efficiency
of a turbine power plant.

The German development of the pulsejet engine initiated interest in

the fundamental nature of nonsteady flow in this country, and in 1947 a

-2 -
CONFIDENTIAL



CONFIDENTIAL

program was initiated for the investigation of intermittent engines
under Project SQUID (Contract N6-0ori-105).. The investigations under
this program led to the discovery of an intermittent engine cycle which
promised relatively high efficiency while retaining the simplicity of

the pulsejet-type engineh.
In this engine, (Figure 1), a number of individual parallel tubes

were opened and closed periodically by means of two controlled rotating
valves located at the inlet and exhaust. Fuel which was injectec in the
vicinity of the exhaust valve to form a conmstible aixtuvre was then
allowed to burn and be discharged. Prior to the next cycle, it was proposed
that a high precompression was to be achieved by means of properly controlled
pressure waves. This engine, employing wave phenomena to obtain propulsive
trxust and precomprossion, was referred to as a wavejet vngine., An ex-
perimental engine was constructed using a single tube model and it was
observed that stable static operation could be sustained over a wide range
of operating parameters. These experiments were described in Project SQUID
Technical Memo No. GAL~35ha

At the con-~lusion of this phase, the program was transferred from
Project SQUID to the Office of Naval Research (Contract No. Nenr 665-(00)).
Under this program theoretical and experimental studies were carried out
tc determine the performance of this type of wavejet engine. The theoretical
investigations of the subsonic and supersonic capabilities of this cycle 5,6
indicated that subsonic performance would be inferior to that of the turbo-
jet, while supersonic performance would exceed rarjet performance above the
operating limits of present-day turbojet engines.

In order to investigate the performance capabilities in more detail,

it was necessary to carry out a large number of cycle cstudies using the

-3 -
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technique of the method cof charar-wri,;stics7. If the proper combustion
picture and bcundary conditions are aucivyed, and if heat conduction and
viscogivy effects are neglected, the method of characteristics is exact.
The charactoristic studies were used to deteraine the subsonic capabilitiee
of the wavejet engine, and from these studies it was concluded that the
best specific fuel consumption values in the subsonic range were approximately
twice as large as the values for the J57 turbojet engine.

Such calculations were extremely tediouc, however, and in order to
explore more fully the supersonic capabilities of this engine a rapid
method of calculation was developed, based on similarity conaidmtiomé.
It was found that all operating characteristics of the engine could be
specified if the pressure ratio across the engine and the temperature ratio
across the engine were fixed. Use of these similarity parameters made it
possible to determine the supersonic performance from the subsonic performance
determined from characteristic cycle studies.

In the course of these theoretical studies it was concluded that
a basic improvement in the design of the wavejet could be made by properly
shrouding the engine exit. Although calculations indicated that shrouding
would reduce the subsonic performance by a small factor, the psrformance
at supersonic spedds would be improved by a large factor over the non-
shrouded engine performance. The performance characteristics of the shrouded
vavejot were estimated over a large range of Mach numbers and air-fuel ratios,
using the similarity consideratioms.

The results of these theoretical investigations are described in
Part I of this report. Detailed discussions may be found in Ref. 5 and 6.

=" =
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In the early experimental program, tests were carried out with
single tube engines with enlarged combustion chanberas. A full-scale
multitube engine based on the best single tube configuration was constructed
primarily to investigate the mechanical problems sarising in such a desiga,
and to determine the influence of adjaceut tubes upon the individual tuSe
performance,

It was observed experimentally that the multitube wavejet per-
formance could be inferred frcm the performance of the individu~1 wave
tube. Consequently, further tests were carried out with single tube
engines to determine the tube configuration for maximum performance.

Part II cf this report summarises the tests of single and multi-

tube wavejet models.

PART I - THEORETICAL INVESTIGATIONS OF THE WAVEJET CYCLE

A. Wave ves tiom

The application of the method of characteristics to the study of
intermittent engines permits far more accurate estimates of periodic
engine performance parameters such as thrust per unit area, specific
fuel consumption, compression efficiency, and cycle time than those

obtained by use of quasi-steady nnthodl9.

The chief obstacles to accurate performance estimates of periodie

engines are:

(1) Lack of information concerning the combustion mode. Two

idealized combustion modes were assumed for purposes of calculation.

These modes were constant volume combustion and gradual heat addition.
=B =
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With one exception, all the studies were made for straight-tube cca-
figurations operating with instantaneous valve opening and closing
times. Comsequently, the results obtained did not apply directly to
the first experimental engines, which required an enlarged combustion
chamber for resonant operation, i.e., a combustion chamber area greater
than the wave tube area.

(2) Difficulty in representing the correct boundary :onditioms
during outflow and inflow. Althovgh the assumption of instantaneously
operating valves simplified the calculatioms, it is believed the shock
losses were over-emphasized since, with finite valve opening time, shocks
would form gradually and the entrupy losses would consequently not be as
great. On the other hand, this assunption tends to eliminate the actual
losses resulting from leakage due to the finite valve closing time.

Figure 1 iz a schematic diagram of a proposed propulsion wnit
based on a wavejet cycle. As can be seen from Figure 1, the wavejet
consists of a number of parailel tubes which are alternately opened
and closed at either end by two rotating valves. Fuel is injected in
each tube in the region adjacent to the exhaust valve to form a com-
busti.le mixture.

Figure 2 is a typical vave diagram for this cycle constructed
by the method of characteristica. At the beginning of the cycle, air
is flowing through the engine and fuel is added to form a combustible
mixture. The exhaust valve is closed (1) stopping the flow and causing
a hammer shock (2) to move upstream. This hammer shock compresses the
combustible mixture as it propagates upstream. When all of the combustible
charge is compressed, the mixture is ignited and burning occurs &t a constant

-6 -
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rate. After undergoing complete combustion, the exhaust valve is opened,
allowing the hot gases to expand in a propulsive jet (3). The arrows
indicate the relative magnitude of the exhaust velocities in time.

Meanwhile the hammer shock, strengthened by combustion, continmes to
propagate upstream. It is fellowed by the interface (4), the 1~gion sepa-
rating the hot and cold gases. When the shock reaches the engine inlet (=),
the inlet valve is closed causing the shock to be fully reflected into the
duct (6). This reflected wave aids in scavenging the engine, as evidenced
by the sudden increase in exhaust velocity (7). The upstream propagating
expansion vave (8) resulting from the discharge of hot gases drops the
engine pressure sufficiently to induce a fresh charge upon cpening of the
inlet valve (9). The cycls is then repeated.

An individual air particle may be traced through the engine by
following the dotted lines. With this configuration it is seen that
the particle travels back and forth in the duct three cycles before
reaching the combustion ci.amber. Each interaction of this particle
with the shock introduces an energy loss through the entropy increase
associated with the shock wave and results in a loss in compression
ef{iciency.

Some of the results of these theoretical investigations are presen.ed
in Table 1 to illustrate the effect of assumed combustion mode, the ratio
of the combustion chamber length to the over-all tube length and Mach number
upon engine performance. It will be noted that changes in the combustion
chamber length ratio, as well as diameter ratio, have a significant effect
upon sngine performance. By increasing the relative combustion chamber

length, other parameters remaining constant, the thrust per unit area

2
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increases considerably with a corresponding decrease in specific fuel consump-

tion. This effect is due to a reduction in the number of shock passages which
the air undergoes prior to cambustion, In Ref, 5 detailed calculationa are
presented for a large number of engine configurations in the subsonic range,

As can be observed from Table 1 and Figure 3, even under optimum conditions
the specific fuel consmmption mlues in the subsonic speed range were considerably
larger than corresponding values for the J57 turbojet emgine, although the thrust
per unit area exceeds the corresponding values for this turbojet emgine.

The characteristics analyses were carried out for c onstant area wavejets,
although it was found necessary in the early experiments to use enlarged combus-
tion chambers in order to sustain resanant operation. The experimsntal program
was conducted at ram pressures equivalent to M=0,35, A'l'ho thearetical studies were
conducted at flight Mach numbers of M=0, 0,65, and 0,95. A comsiderable discrep-
ancy was observed between the initial experimental results and the thecretical
studies and it was not possible to explain the large performance discrepancies
solely by Mach number effect, Consequently a wave diagram was constructed using
an enlarged cambustion chamber wavejet configuration with a flight speed of
M = 0,35, This diagram showed that the increase in combustion chamber area to-
gether with the relatively amall effect of lower flight speed caused an appre-
ciable decrease in the thrust per unit area snd an increase in specific fuel
consumption, as indicated in Table 1, These values showed general agreement
with the experimental values, and an sxperimental program was undertaken to
develop the constant area wavejet configuration to improve the specific thrust,

B, Shrouded Wavejet Inveatigtimaé

The major portion of the characteristic investigations were carried
out for the subsonic regime. These calculations proved to be extremely
tedious, For example, the computation of the performance at one Mach
number and air fuel ratic required approximately two weeks., It would

il
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have required 2 major increase in effort to obtain satisfactory estimmtes
of the supersonic capabilities of the wavejet by the characteristic
procedurss. The primary problem in extending the perfarmance capabilities
was one of developing a rapid method of calculation which would give
information as complete as that obtained using the non-steady flow tech-
niques,

Application of similarity considerations to the calculation of the
engine performance (See Appendix 1) shows thai for an engine of given
geumetry all operating characteristics of the engine are specified when the
pressure ratio across the engine and the temperature ratio across the
eng.ne are fixed. The temperaturs ratio across >..~» engine can be varied
at will by changing the air-fuel ratio. Thus, if there were a method of
maintaining a constant pressure ratio across the engins es tbe Mach number
is varied, the performance of the wavejet could be determined over the
range of Mach numbers from a single characteristic diagranm. 1t was concluded,
that by employing the correct convergent-divergent nozzle, or shroud, at
the wavejet exit (Figure k), the pressure ratio across a multitude engine
could be controlled. If the shroud did not adversely effect engine per-
formance, the suggested procedure for stretching the region of applicability
of a wave diagram would be successful. Upon investigation it was found
that, although shrouding reduced subsonic performance by a small factor,
the performance at supersonic speeds was improved significantly.

By making use of the foregoing similarity considerations, the
performance characteristics of the wavejet have been estimated over a
wide range of Mach numbers aud air-fuel ratios. The results of these

studies are as ascurate as those obtained by ths method of characteristics.
-9-
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The variation of sea level thrust per unit area with specific
fuel consumption and Mach number is shown in Figure 3 for the shrouded
wavejet and compared with the ramjet and the J57 turbojet. These calculations
were carried out assuming constant area mixing, with expansiom
of the fully mixed exaust to the maximum duct diameter., Preliminary
analyses indicatod that use of the constant area mixing chamber would not
significantly increase the over-all length of the engine,

It can be seen from Figure 3 that the theoretical performance of
the shrouded wavejet is superior to the ramjet. At a Mach number of 2 the
wavejet has a 30 per cent lower specific fuel consumption than the ramjet.

PART II - EXPERIMENTAL WAVEJET PROGRAM

A, Single Tube Enlarged Cambustion Chamber Wavejet
To test the validity of the preliminary theoretical calculations
which indicated that the cycle would be stable” and that the engine would

operate statically (i.e., without ram air), an exploratory model was

built and first tested on December 29, 19h9h. Since euach tube of the
engine could be considered to operate independently, it was possible to
resirict this preliminary investigation t- e 2ingle-wave tube. The
preliminary experiments disclosed that » . .ion chamber larger than the

wave tuhbe area was necessary to sustain periuvu.c combustion and stable

static operatiom.

*Stability of operatica is defined foir the purposes of this report as the
ability of a configuration to tolerate small dev..tions from optimum rpm and
phase position as well as the abili%y to operate over a wide range of fuel flows.

~ 10 =
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Under the ONR program a test ted was designed to insure flex-
1bility with respect to configuration changes, (Figure 5). The com-
bustion chamber and wave tubes were of circular cross section and could
easily bs remove. “-om the test-bed frame for modification. A set of valve
plates covering the feasible range of open-to-closed area ratio was
fabricated. Valve clearsnces were adjustable from scrape contact to 1/u*
clearance. The phase relation between the inlet and exhaust valve could
be controlled during a run through the use of a differential-type gear
train, Valve frequency was comtrollable over a range of 0 to 130 cps by
means of an independent electric drive.

The initial performance measured on this test bed was poor, and
the static specific fuel consumption was about 12 1lb. fuel per hr. per
1b. thrust. However, the engine demonstrated remarkable stability, and
it was possible to start the engine statically (withou! ram air) when the
correct valve frequency and phase angle were selected before a run. The
high specific fuel consumption values were not unexpected, since the initial
configuration was chosen from the limited information available from the
first few wave disgrams. While additionsl information might have been
obtained from further wave diagrams, many assumptions were necessary about
waich there was little experimental verification. In particular, there
were many possible combustion models, and when design calculations were
carried out by the method of characteristics,conflicting information was
obtainad about valve siza &nd phase relations. Therefore, the initial
configuration was arbitvar, and only served as the starting point of this
program. The data obt:ine' from this program was then used to narrow the
range of configurations studied and to provide a better understanding of

-1 -
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the necessary asswiptions involved. A more detailed account of these

experiments may be found in Project SQUID Technical Memorandum No. CAL-35,

kugust 1951,
Since the combustion process was not accurately represented in the

characteristics diagrams, the ratio of open-to-closed time could not be
accurately determined. It was therefore necessary to study the effect of
changes in the valve lobe angle, Figure 5. Although the actual thrust
vzlues were not always measured during a run, the mean pressure in the
wave tube served as an indox of performance. Previous experiments had
shoun that the output of a given tube geometry was alvays propurtional

to the mean pressure in the tube. The valve plates ‘ested were of the
double lobe type, with a complete wave cycle,therefore, covering 180°.
Initially, the lobe angle was 90° for both the inlet and exhaust valve.
After a prolonged series of runs, in which mary valve plates were tested
and discarded, the optimum lobe angle was found to be near 85°. 4
difference in lobe angle of as little as 2° was detectable in the per-
formance. lLater, these same valve plates were tested on a different wave
tube geometry and the optimum lobe angle was found to be 83° for the
inlet and 86° for the exhaust.

During these valve nlate tests, certain anomalies were noted. A
configuration which was capable of stable static cperation would suddenly
fail to operate ststically, and even under ram conditions, the mean
pressures and groes thrust values were low. A careful inspection of the
wave tube and combustion chamber of *i 'se configurations revealed that
failure to operate statically occu:r r~ when the exhaust port buckled

slightly and increased the exhaust area. These failures were unexpected,

“l2 -
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since no specific investigation of such effects were conducted using the
method of characteristics. I¢ has always been assumod in these calculaticns
that the valve plate closed instantaneously vhen the interface between the
exhaust zas and fresh charge reached the exhaust por 5 o However, during
actual wave engine opsration the entire charge of hot exhaust gases may be
swept out during the finite valve closing time if the exhzust port area

is too large. The loss of the entire charge of hot gas appeared to suppress
reignition. In order to determine the extent of this effect, a special
combustion chamber was constructed with a gate vaive exhaust nossle,
allowing a continuous range of exhaust areas to be tested. With this
special exhaust nosale, the allowable range of exhaust port areas was found
and the optimm area determined (approximately 7/10 of the wave tube area).
In view of the large effect of changes in exhaust area on the engine per-
formance, all future configurations were optimised on the basis of this
parameter. The effect was found to be most noticeable for the smaller
diameter combustion chambers (below 5 inches).

The next configuration variable to be studied was the effect of
valve plate clearance. Tests were made of several different configurations
with the valve plate clearances varying between 1/8 inch and 1/64 inch.
Unfortunately, these tests could not be conducted far clearances below
1/64 inch, as there was sufficien’ "wobble" in the valve plates to cause
intermittent scraping, causing the required valve driving power to exceed
the capacity of the drive motor. Also, the evaluation of these tests was
somevhat difficult, since the test bed would warp slightly during hot
operation, affecting the clearances during the run. However, it was
possible, after repeated tests, to determine the range of clearances

CONFIDENTIAL
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necessary for performance testing. All configurations tested showved marked
increase in performance as the clearances were decreased to about 1/6k inch,
below this point the clearances couid not be maintained. No configuration
would operate statically with clearances above 3/32 inch.

Valve plate phase relations and frequency were not investigated
separately as configuration variables. Due to the ease with which these
variables could be changed during each run, all data was taken at the valve
phase and valve frequency of best performance. An interesting effect
was noticed during these tests, which greatly aidsd in selecting the
proper phase relation between valve plates. While the engine was being
adjusted and phase angle changed, the noise level to an observer facing
the inlet valve would be reduced suddenly and markedly whan the proper
phase was reached. This noise reduction was in agreemsrt with the wave
dilgﬂ-lls , which indicated that for proper phasing, the combustion pressure
wvave should be fully reflected back into the tube. The increase in noise,

caused by out-of-phase operation, was due to part of this combustion

pressurs wave escaping through the inlet.
The single tube test bad was modified to facilitate changes in

combustion chamber geometry since theoretical ltndius and previous single
tube tests had shown that combustion chamber modifications had the greatest
effect upin the engine performance. It was also desired at this time to
test the single tubs engins undsr ram conditions. Therefore, a scaled
diffuser cowl section connected to a venturi-type flowmeter (Figure 6)

wvas mounted around the inlet valve section. The volume of the cowl section
was sufficient to damp ¢ nearly all nonsteidy flow oscillations created

at the engine inlet allowing steady mass flow measurement at the venturi.

-1 -
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The net thrust was then computed by subtracting from the measured gross
thrust the inlet momentum term’".
The first combustion chamber tested had a length ratio of 1/2.

This designation is used to describe thai fraction of the “otal engine

length which the combustion chamber occupies. This selection was influenced

by the theoretical studies which indicated that increased combustion chamber
length would improve the engine performance. While this engine rescnated
with ram air, it was not sufficiently stable for static operation or the
measurement of performance. In view of the poor performance of this
combustion chamber, an engine with a combustion chamber length ratio of 1/L,
similar to an engine that had been previously tested on the early single
tube test bed, was mounted to determine whether the test bed modifications
had adversely affected the engine operation. This configuration was stable

and operated statically over a wide range of air-fuel rations.
With this configuration, gross thrust values of up to 2 psi (based

on the diameter of the wave tube) were obtained with a specific fuel

consumption of approximately 3 1b./hr./1b. While there was considerable
scatter fror run to run, it vas apparent that there was a sharp increase

in specific fuel consumption at lower air-fuel ratios. With this configuration,
as well as with subsequent configurations, the engine was found to be extremely
sensitive to changes in valve clearances and exhaust port area. Although

these changes in configuration were small and difficult to eliminate, their
effect upon engine performance was evidenced by the scatter of the test
results. The valve clearances and exhaust port areas would vary during

hot operation and from one test run to another as a result of the accum-

lation of permanent damage arising from thermal stresses.
-ls-
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After completion of the static tests, the cowling was installed
and the engine was tested to the limit of blower supply air (M = 0.40).
The measured thrust per unit area did not differ appreciably from the values
obtained in the static tests, indicating no marked ram effects at these low
Mach numbers. Visual inspection of the exhaust at maximum fuel flow led
us to suspect that considerable burning was taking place outside the tube.
Consequently, Orsat equipment was installed in an effort to determine
the combustion efficiency by the analysis of the exhaust gases. After a
series of tests,the Orsat-measured air-fuel ratios were found to differ
from the air~fuel ratio as detemined by measured mass flow. It was
suspected that this discrepancy was due to the nonstéady nature of the
engine exhaust, and after a series of tests with various sampling pipes it
was concluded that this method of analysis could not he used in its present
form. Its use was therefore discontinued.

Recalling that the 1/4 combustion chamber length ratio exhibited
far more stability than the 1/2 combustion chamber length ratic engine,
it was decided to shorten the combustion chamber length ratio to 1/5,
in order to detcrmine whether the optimum combusticn chamber length kad
been reached. With a ratio of 1/5, the engine performance was superior
with respect to stability, although the maximum tarust per unit area was
decreased. However, at high fuel flows, the increase in specific fuel
consumption was even more marked than when the comtusticn chamber length
ratio was 1/4. Since the fuel injectors were closer to the exhaust port,
it was suspected that this engine discharged more unburned fuel. In an
attempt to alleviate this situation, the fuel injectors were modified =o

as to inject directly upstream, but no apparent improvement was observed.
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lext the injection system was rcplaced with small capacity fuel nozzles
mounted on the forward reducing section of the combustion chamber, and
operated at increased fuel injection pressure. A specific fuel consumptior f

- "‘
of 2.3 LA was obtained with this engine with the latter method of fuel

injéction. n

In order to complete the study of the effect of combustion chamber
length upon engine performance the combustion chamber of length ratio 1/5
was replaced with a combustion chamber of length ratis 3/10. While this
configuration yielded approximately the same maximum thrust per unit
area, the specitic fuel consumption was somewhat higher and the engine
operation less stable.

The performance of these engine configurations is summarized in
Table 2. The data indicated that the shortest combustion chamber tested
had the lowest specific fuel consumption and exhibited the greatest
stability. However, the thrust per unit area of the longer combuction
chamber length ratios was somewhat higher. It should be pointed out here
that none of the configurations tested have cemonstrated the high thrust
per unit area predicted by the method of characteristics, Table 1. In
view of this poor correlation with theory, a more detailed study of the
engine cycle was carried out. This theoretical study involved the same
assumptions and procedures used inthe previous theoretical engine studias,
with the exception that an enlarged combustion chamber was assumed, having
a combustion chamber to wave tube area ratio of 2. The study indicated a
nmarked decrease in u.:e theoretical performance with increased combustion
chamber area, Table 1, and thrust per unit area values more in agreement

with experiiient results, Table 2.

= 1 =
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B. Multitube Wavejet Eng ine

In order to study the reiaticnship between the multitube and single

tube performance and investigate the mechanical problems peculiar to the
miititube engine, a 2l4-tube unit was designed and constructed. The individual
vave tube design was based upon the geometry employed in the single tube
configuration yielding the best performance. Ho. “ver, the cross-sectional
area of each tube was sector-shaped rather than circular. The single tube
cross-sectional areas and area ratios were maintained and ti:2 included

angle of each tube was seiected to be 150, so as to form a completely
symmetrical engine with 2L individual tubes, Figs.7, 8, and 9.

The exhaust valve was designed as a centrifugal pump which would
induce air through the engine core and expell it through tt» valve periphery
to aid in valve cooling. The combustion chambers received fuel from a
comnon manifold. Four equally spaced wave tubes were ignited by an external
spark ignition system, while the remaining tubes were ignited by controlled
hot gas leakage through combustion chamber ports. In addition, the engine
vas equipped with a differential-type phase changer to regulate the phase
difference between the inlet and exhaust valve during operation. For
measurement of thrust, the smltitube wave engine was mounted on a nmull-
type indicating thrust stand. The inlet zomentum was determined by
measuremente of the mass flow in the intake diffuser which was attached
to the engine inlet and connected to the high pressure air supply systen,
Figs.8 and 9.

During tests with this engine, although stable multitube operation
could be obtained, thermal stresses resulted in the warpage of the valve

plate and distortion of the sngine aupparts, which resulted in valve binding.
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Although the effect of the thermal atresses on the exiaust valve was
reduced by water cooling, the combustion chambers became so badly warped
that testing of all 24 units could not be carried out without considerable
engine repair. The severe warpage of the combustion chamber prevented
operation of a nwaber of the wave tubes, resulting in a low average
cambustion chamber pressure (Table 2). In addition, the tubes which were
in operation exhibited widely differing mean engine pressures i:n contrast
to the evenly balanced pressures observed in preliminary tests,

Before tests with the multitube unit engine were discontinued, a
number of tests were carried out with the individual tubes which showed
the greatest distortion, Resonant operation could be sustained in these
units using ram air, although the measured performarce was much lower than
that previously obtained with single tube units of circular croes section.

During the valve development program, tests were also carried out tc
determine the effects of tube interactions upon single engine performance,
In order to cbserve these tube interactions, the individual tubes of the
multitube engine were operated singly and in groups. From these experiments,
it was concluded that the tube interactions did not adversely affect the
performance, inasmuch as multitude operation resulted in small favorable
increases in mean engine pressures. However, the observed specific values
of the individual tubes and the multitube units were lc. campared vith the
improved single tube data which was then becoming available., Since it
appeared that the performance of the multitude engine could be determined
from studies of the single tube unit, further tests were restricted to

investigations with single tube units.
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C. Constant Area kavejet Engine
The theoretical results summarized in Table 1 indicated that a major

improvement in engine performance could be achieved by employing a combus-
tion chamber diameter equal to that of the wave tube, as illiustrated

in Figure 2. In particular, the calculations indicated that the straight-
tube engine would possess a much higher thrust per unit area than the
enlarged combustion chamber configuration.

Early attempts to maintain burning in a svraight-tube were not
successful. Experiments at the Aerophysics Development Cox-p.ll indicated
that combustion could be sustained in a straight-tube by heating the combus-
tion chamber walls to temperatures sufficient to support ignition. The
hot wall combustor technique was immediately considered as a method of
reducing the combustion chamber diameter of the C.A.L. wavejet while sus-
taining combustion.

In order to obtain some degree of wall temperature controi, varicus
thicknesses of asbesios tape were wrapped around the combustion chamber.
The preliminary tests with this configuration were conducted to determine
the amount of insulation necessary for high wall temperatures and reasonably
long chamber life. The combrustion chamber temperatures were recorded
during these tesls with an optical pyrometer and the necessary wall temp-
erature was found to be approximately 1wo°1?. These tests also indicated
that the engine could be made Lo resonate and to yleld gross specific
thrusts of 3 psi at moderate fuel camsumptions. In addition, it was ncted
that the increased mean engine pressure exceeded the fuel injection
pressures available and reduced the fuel flow in the engine. To counteract

the effect of the higher mean engine pressures and to improve fuel
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atomization, a high pressure fuel supply and metering system wus installed-
This system incorporated a Potter turbine type electromic flow indicator
with a pressure range of 0-1000 psi and fuel flow range of 0.07 to 7.0 gpmm.

To evaluate the effects of the important engine variablea such as
fuel injection system, valve angle, and vaive speed upon the engine per-
formance of the constant area wavejet engine, tests were conducted in a
low pressure free air blast of 0-250 mph. The fuel injection system was
studied first to determine the optimum locytion, size and number of fuel
injectors and fuel injection pressure. Fuel injectors were instulled
individually and in combination at various locations along the axis of
the engine directed both upstrcam and downstream, as well as radially.

The results of these tests indicated that the best fuel system evaluated
consisted of two low capacity fusl injectors (7.5 gph), diamsirically

opposed at a point midway along the axis of the wavejet (upstream of the
combustion chamber), operating near the maximum fuel injection pressure.

During the second phase, tests were carried out to determine the
effect of changes in valve plate configuration upon engine performance.

The results of this program were inconclusive, since the effect of valve
clearances far outweighed the effect of changes in valve lobe angle.
However, the most stable vaive configuration utilized an inlet valve with
a lcoe angle of 83° and an exhaust valve with a lobe angle of 86°.

In view of the dominating influence of ihe valve leakage upon
engine psrformance, a program was undertaken to reduce the valve clearance.
New valve plates were installed and the cold clearances adjusted to about
0,020 in. 1Initial tests witn this engine yielded msan engine pressures

of 12 psi gage (approximately twice previously attained maximum mean engine
=20l =
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pressures) with about 18 1bs. gross thrust, Further refinewents made it
possible to adjust the exhaust valve cold clearances to values as low as
0,0015 in, However, during resonant operation with these clearances it was

observed by sighting across the engine exhaust ports, that the valve clear-
ances increased considerably. It was possible that this effect resulted from

same type of valve distortion or deflection during resonant operation,
This possibility was investigated by using thicker valve plates, 4 noticeable

improvement in performance was achieved with these valves.
The results of these low Mach number tests are summarized in Fig. 10

and 11, Due to the sensitivity of the experimental engine to valve phesing,
valve speed, valve clearances and the physical conditiomof the engine,

there was a considerable scatter in the test data, In order to siwplify the
qualitative interpretation of the test data, only the upper and lower limits
have been plotted,

Since improved specific thrusts were obtained with the hot wall
combustion chamber wavejet at low subsonic Mach numberz, ‘sts were
extended to the higher subsonic range, in order to evaluate the effect
of Mach number upon engine performance. The air supply used for these
tests consisted of a %1710 Allison aircraft engine driving an Allison
V-3L20 double-stage supercharger. The initial wvavejet engine configuration
tested was based upon the previous low speed tests., These tests were
conducted at ram air total pressures of up to 11 psig. PFrom these tests
it was evident, Fig, 12, that the engine operated at choked exhaust
conditions with ram total pressures of 6 psig and shove. This engine
exhibited gross specific thrusts of 3 to 3-1/2 1bs. per sq. inch with

-22 .
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specific fuel consumption based on a gross thrust of L 1bs. of fuel per
hour per lb. thrust and mean engine pressures of up to 2 atmospheres gage.
Improved gross specitic thrusts of L and L-1/2 1bs. per sq. inch at a ram
total pressure of 10 psi were obtained during additional tests.

In order to determine the extent of inlet momentum losses for
thrust corrections, a 4" x 2" venturimeter was connected directly to the
high speed air supply and to a sealed diffuser around the engine inlct.

The latter connection consisted of a fixed bellows to allow for thruet
measurement. The results of tests under these conditions indicated
considerably lower values of gross specific thrust (1-1/2 to 2 psi)

than were previously obtained. In view of the apparent adverse affects
of the venturimeter upon the wavejet engine performance, the venturimeter
was removed to verify the earlier performance data. The gross specific
thrust was again observed to be about 4 psi.

An alternate method of determining the inlet momentum losses
employed a disconnected air supply with pressure survey rakes located in
the constant zrea section of the sealud diffuser. These tests indicated
no adverse effects upon tne cngine performance but rather, with improved
exhaust valve clearances, higher gross specific thrust of over 6 psi were
observed, and, in addition, yieided necessary information for the calculation
of the inlet losses, Fig. 13. Fig. .4 to 17 summarize the performance of
the single tube constant area wz.cjet, corrected for inlet momentum losses.

The high pressure tests indicated that a choked-exit condition was
obtained. Since at the choked-exit condition the engine periormance would
not be sensitive to ambient pressure conditicas a* the exit, it became

possible to extrapolate the subsonic performance of this engine to determine

- 23 =
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the supersonic capabilitiss in the same manner in which the theoretical
calculations of the subsonic performance were extrapolated to determine
the supersonic capabilities.

The supersonic performance based on the observed pressure and
temperature ratios obtained in the high pressure experimental tests
was calculated, assuming that the supersonic geometry would be that of
Figure k, and that the pressure and temperature ratios across the wave
tube remained constant. The results of these extrapolations are shown
in Figures 18 and 19, and are compared with the performance of the J=57
turbojet and the ramjet at sea level conditions.

Figure 18 is a comparison of the gvailable specific thrust as a
function of flight Mach number for the wavejet based on the maximum
observed experimental performance. The extrapolated thrust capabilities
of this engine indicated very low specific thrust values when compared
with the ramjet above a Mach number of 1. At a Mach number of 2 the value
of specific thrust was approximately one-fourth that of the ramjet.

Figure 19 indicates, however, that somewhat lover specific fuel consumption
values would be obtained.

Previous extrapolations of the shrouded wavejet performance based
upon the results observed at a Mach mumber of U.3 indicated that the spacific
thrust would be approximately 30 per cent greater Lhan that of the ramjet
with a corresponding decrease in the specific fuel consumption. The
experimental investigations at high subsonic Mach numbers indicated that
the increase in performance expected as a result of the increase in ram
pressure was not achieved. Figure 17 shows the extrapolated thrust increase

as compared with that observed experimentally. This large discrepancy

-2 -
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is believed to be primarily due to extremel; poor combustion efficiencies
at the higher ram pressures. This is further illustrated in Figure 20,
where the calculated performance of the individ:al wave tube is compared
with the best observed experimental values. The mearured air-fuel ratios
indicate excessively rich air-fuel mixtures. The use of tne high pressure
Monarch nozzle fuel injection system may have resulted in extremely poor

mixing prior to combustion, as well as excessive waste of fuel, since

the turning process was intermittent.

CONCLUSIONS

The results of the theoretical investigations of the wavejet
engine have suggested that the wavejet snows considerable promise as e
supersonic power plant. The characteristic investigations which were
carried out to determine the subsonic performance have shown that relatively
large values of specific thrust can be achieved in these engines, although
the specific fuel consumption values are approximately twice as large as
those of conventional turbojet engines. Optimum specific thrust values
at a Mach number of 0.65, for example, were calculated to be appraximately
12 lbs. per sq. inch with correspondiig specific fuel consumption values of
1.9 1bs. of fuel per hour per lb. thrust. rhese studies were made with
straight-tube wavejut configurations. Studies were also carried out for
wave tubes with eniarged combustion chambers and indicated that the per-

formance would be considerably decreased with this configuration.

2 2oy
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In the supersonic range the performance capabiiities of the multi-
tube engine were determined by the application of similarity consideratioms
whicr enabled the extrapolation of sutsonic characteristic calculations
to the supersonic regime. It was found that this procedure could be
applied, provided choked exit conditions across the engine were obtained,
which vermitted the pressure ratios and temperature ratios across the engine

to be held constant. It was found that by properly shrouding the wavejet,

the pressure ratios could be controiled. Large gains in performance were

predicted with proper shroud design. The results of these studies indicated

that the wavejet should be superior in performance to the ramjet at super-
gonic speeds, and,consequently, suggested that the wavejet shows considerable
promise as a supersonic power pliant.

The experimental performance of une individual wave tubes has not
as yet indicated values in agreement with the theoretical predictionms.

Tests with the eairl- single tube units indicated extremely poor specific thrust
and specific fuel consumption values which could primarily be attributed

to the enlarged combustion chamber geometry employed. These tests did
indicate, however, that stable static operation could be achieved over a

wide range of operating parameters.

The characteristics investizations were carried out under the
assumption that each tube of the engine could be considered as a separate
unit. A multitube engine was constructed, based on the early wave tube
design, to investigate primarily the effect of tube interactions upon
individual tube performance and to detemine tihe effect of major problems
involved in the full-scale engine operation. These tests showed that the

presence of adjacent tubes did not adversely a}fect the individual tube

- 26 -
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operation and, consequently, that future investigations could be restricted
to single tube studies. A number of mechanical problems were observed,
prirarily as a result of warpage >f the combustion chamber walls and valve
platesz due to the high temperatures, which made the maintenance of close
valve clearances difficult. Although valve warpage problems were solved,
the internal wall warpage problems were not eliminated in the tests.

In order to improve performance of tns single tube engine, tests
were ccnducted with constant area tubes. In these tests it was found that
reignition could be achieved by use of a hot wall combustion chamber.
Simulated Mach number tests with this configuration indicated that at
ram pressures corresponding to high subsonic speed ranges, maximum values
of available thrust were of the order of 5.5 lbs. per sq. inch with specific
fuel consumption values of approximately 3.5 lbs. of fuel per hour per
thrust. 1t was observed in these tests that choked exit conditions were
obtained during the exhaust discharge.

The supersonic performance studies extrapolated from the experimental
results observed at a Mach number of 0.3 indicated the possibility of a
substantial gain in performance over that of the ramjet operating in
a supersonic range with the same air-fuel ratios. It was found, however,
that the expected increase in performance in the subsonic range based

on the extrapolated performance from a Mach number of 0.3 was not

achieved in the experimental program.
The extrapolated performance indicated that turusts of approximately

9 lbs. per 8q. inch should be achieved at a Mach number of 0.3, whereas,
experimentally, approximately 3 lbs. per sq. inch were obtained, which

increased to approximately 5.5 lbs. per sq. inch at a Mach number of 0.95.
=27 =
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The supersonic performance based on the extrapolated vaiues of
highest subsonic Mach number data indicated the thrust values would be
approximately 1/l that of the ramjet in thz supersonic range, although
the specific fuel consumption values would be slightly lower.

The major experimental problem that exists is the achievement of

increased specific thrust values, in order to approach more closely the

predicted theoretical performance. It is believed that this improvement

can be attained through the use of improved fuel injection systems and

fuel mixing to increase the combustion efficiency. It is concluded that

the wave jet would prove to be a promising supersonic power plant. if

improved specific thrust values can be obtained.

- 28 -
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SHROUDED WAVEJET CALCULATIONS

= total pressure

STMBOLS

= static pressure = /09RT

= time

= cycle time for nonsteady engins

= static temperature
= total temperature

= Ares

-MNOO

acceleration o £ gravity

= gpeed of sound = (79‘27)//‘

- (/G = L

» specific heat = 0.2l H'U/LB/CF

= velocity
= volume

= density

= combustion efficiency

« heating value of fuel = 19,200 BEIU/LB

= stoichiometric air-fuel ratio

_ kG 2
Cp6,

air-fuel ratio

= air-fuel ratio at M = O that would produce the same value of T

that @ produced at another Mach No,

= thrust

= mass flow -/922

= stream force = PA (/+ yM?) :;/L
- coeffictent of thrust = 21
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C:r = m
a,Ca
C = SFC = specific fuel consmaption (1b.fuel per hr/'lb.thmst)

/
P
/6’ .‘[ _’;*_’(),Mf‘,.!)a’a,

[ 4
" P a,
w f T2 %
y-: [p’a,M,da.

L

Stations

0 Atmospheric or free flight

1l Stagmtin conditions at erd of diffuser and entrance to engine

e Condition immediately inside wave tube exit

2 " " outside " " °"

3 Final steady state conditiom of mixed flow for shrouded engine

£ Shroud exit conditlon, for unshrouded wave engines: /e = A
b b
G- Ve

NOTE: Mash number functiocns F,D,G,N are presented and tubulated in
Cornell Aeronautical Laboratory Repart "Mach Humber Functions
for Ideal Diatomic Gases" by J. V. Foa, October 19L9.
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GENERAL ASSUMPTIONS

Ambient Static Temperature 6, = 530°R
Ambient Static Pressure P, = 14.7 psi
Ratio of Specific Heats y = 1.

Specific Heat at Constant Pressure Cp = 0.2k BrU/1b/°F

Heating Value of Fuel Q =~ 19,200 BTU/1b.
Bqual Static and Stagnation Conditions at the Diffuser Exit
Thrust per Unit Area is Based on the Maximum Engine Area

TABLES

TARIE 1 - ASSUMED DIFFUSER PRESSURE RATIO

Theoretical 91/9° Lssumed Pi/?o
1.00 1.00
1.19 1.13
1.89 1.80
3.67 3.L48
7.82 6.72
36.73 20.20
151.80 41.00
-33..
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The thrust is defined to include all internal end extermal forces acting
én the propulsion device in the direction of its axis,
T= My Wy -MyVysAs (-5). 1)

Lireversitle axtermal flow contridbutions are not included, For nonsteady flow

propulsion devices, the average thrust is given by
“e
/ (Vy-Vy)m, dt .{ (By-B) A, dt "
2

‘C

shere t, is the cycle time,
It is convenient for calculation purposes to express the performance equa~

tions in tems of pressure, speed of sound, and Mach number, In dimensionless

form, the thrust Eq, (1) may be writtsn as

7
¢)

o a,

may also be expressed in a dimensionless form as

The air specific impulse z‘;coo
’ 2 ‘
36009 Jy Wb, (¥Ms ¢ )) do-i | "

a ) !
cxa, ./o‘ ’}/po M, a%f doa

Cp =

These equations may be writtem, more converdently, in the form

/p A - b/ /’ Sz, (5)
aad P’/Pu ﬁ,"’
CI = T -MO (6)
P a, ’6‘
vhere .
2, :/ 5, (YM}+1) da 1)
0 ?
-3 -
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and ’
. Fy @y M,da (8)
yop 7”[ /P' /af ¢
The values of /3, and O, depend only upmn the engine characteristics and
the coefficients, and the remaining terms depend only upon the diffuser efficiency

and N1ight Mach number.
The values of O, and /5, for the different wave engine configurations

were obtained from Reference 1, /3, and /3, are related to the thrust per
mit area and specific fusl consumption from the charscteristics diagrans by

a,cx (T/4) (
" 9)
/6, 3600 zr qg
and d P
Sy = °/a, Py (CpeMo) + ‘VP, (10)

The performance of any engine configwration compounded with the wave
engine may be detcmined at any Mach number as long &s the tempersture rise ratio
and the srmssure ratio acroes the wave engine component corresponds to that of
the particular characteristic cycle selected, Consequently, performaroe oalcula-
tions from a singls characteristice diagram can be employsd to determine the per-
formance of engine configurations over a wide range of air-fuel ratios and flight
Mach numbers.

For nonsteady engines, an average exhaust temperaturv may be defined, as

in the steady flow case, by

svhere I is a function of the heat content of the fuel, the combustion effi-
ciency and the mode of heat addition.
For different inlet stagnation temperatures g, and 6, » the teuper-

ature ratio :,./9, is constant if
(2) K K
€ a ] b = ] + (12)
9, a6, o, 6,
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In order to »aintain a constant temperature ratio, it is only necesesary
-7 .
to mintain (aa,) sonstant, Since 6, = %[HZZ—-H:Jan ean wrile

y-/
aé, [u Y 'u)] - .8,

V4
or
O/
= = 2
1+ 4 M, (13)

shere aonﬂzour-mdmtf,oatnl-om a. 1is the air-fuel ratio at

any Mach mamber (I!!o).
If the air-fuel ratio at (Ho = 0) is 60, the change in air-fuel ratio

required to maintain &, /6, constant at any other flight Mach mmber, is
given by

TABLE 2

C‘wNHof
8

&

In the case of the shrouded mvejet engine, the assumptions are:
1. Mixing of the exhaust gases takes place in a constant area tube,
2. Wall friction forces are neglected.
3., The flow is uniform and steady at the end of mixing.

The irlet of the engine is comnected to 2 plenut and the exit of the
engine exhausts .0 a corstant area mixing chmmber, By proper design of the
converging-diverzing exhaust shroud it is possible to maintain a constant

pressure ratio across the wave tubes u% supersonic speeds.
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In order to evaluate ths performance of the shrouded wave engirs, it is
necessary to determine the final steady flow condition of the mixed exhaust
gases, The momentum reiation applied between stations (e) end (3) yields

[ vt B,
o]

Z
where <
me At
. O

My 2
/ at
-}

and t; is the cycle time,

Substd tuting

m = /) VA
£z £9 vr

a s V )’gzj
¢ e

A = AHAX

Yields P
A Q,

) 6, [ S/p' /“e Me d o
e " 6,

’
S B (1rrm) e
'I' _,..! '&/,.{C
or ’VJ L r .# 6’ /3;-; - :"

wh
o _9_" - // + Q”C
6, C, 6a

The Mach number at the end of mixing (M3) is determined from Ny aoove,
The equation of continuiiy yields
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vy /¥ P 0y
My = / € ¢ da =
’ 70 ae ﬂ ;23

which may be combined with the equation for N3 and D3 = G35 to yleld

A - -}
[,/p’ (compression ratic) /63

In order to meintain the boundary conditions at the end of the wave tub

the exit of the mixing chamber is “ erminated by a nossle expanded to the

original diameter of the wave engine, ‘total pressure of the mixed flow

must be sufficiently greater than the atmo. pheric static pressure, to which th-
flow is discharging, to maintain the supsrsonic Hach number determimed by the
area ratios, These conditions are satisfied for the shrouded wave sngine when

the exhaust is choked,
From isentropic continuity esonditions,

D3gubsorte - 3/k Dt gupersonts

assuming that the core of the wave engine is 1/3 of the total wmve tude area.

He my be determined from De and

%, + o/ . >/ v
TR B

/a, }//e,.('* ‘f)

The values used to extrapolate the subsonic engine performance are

shown in Table 2,
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Table |

THEORET iCAL WAVEJET ENGINE PERFORMANCE
CONSTANT AREA WAVEJET ENGINE PERFORMANCE *

COMBUSTION | AIR | MODE OF | PRESSURE AFTER 3';&{ IC lspEcIFIC
WACH CHAMBER FUEL HEAT HEAT ADDIT/ON [consSUMPTION THRUST
ng: Pnsm RATIOIRATIO| ADDITION ATMOS PHERES Iba fuel |lbs/sg.in.
he 1b thrust
CONSTANT .
0.65 0.25 33 VOLUME 1,65 2.4 10.7
COMBUST | ON
GRADUAL HEAT
0.65 0.25 33 ADDITION 4.6l 3.0 6.1
CONSTANT
0.65 0.50 33 YOLUME 9.56 1.9 12.8
COMBUST | ON
GRADUAL HEAT
0.65 0.50 33 ADDITION 12.19 1.8 14,5
CONSTANT
0.95 0.50 33 VOLUME 11.50 2.1 15.9
COMBUST | ON
GRADUAL HEAT
0.85 0.59 33 ADD ITION 1.4 2.0 16.0
ENLARGED COMBUSTION CHAMBER combustion chamber aru) - 3
WAVEJET ENGINE PERFORMANCE wave tube area
e | COMBUSTION AR MODE OF | PRESSURE mf‘of"- SPECIFIC
o CHAMBER FUEL HEAT AFTER HEAT | ba. fuel THRUST
* |LENGTH RATIO| RATIO ADOITION | ADDITION | hr. 1b. thrust{ibs/sq. in.
CONSTANT
0.35 0.25 33 VOLUME 5.85 2.8 1.7
COMBUST ION
*Summarized from CAL Rep. No. DD=799-A-|

**sunmarized from CAL Rep. No. DD-799-A-2
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Table 2

SUMMARY OF EXPERIMENTAL WAVEJET ENGINE TEST RESULTS

ENLARGED COMBUSTION CHAMBER
SINGLE TUBE WAVEJET ENGINE PERFORMANCE

" _comhystion chamber ares ) = 2

‘ave tube area

o

| PERFORMANCE AT MAXIMUM 4%  1iniMUM SPECIFIC FUEL CONSUMPT ION

il SgEL RIS SPECIFIC AIR FUEL HACH
LENGTH RATIO | CONSUMPTION THRUST RATIO NO-
/5 2.3 0.75 — 0
1/5 9.3 1.75 — o
1/5 3.5 1.0 60 0.36
1/5 9.0 1.6 20 0.36
/% 3.1 0.9 2mics 0
/4 9.5 2.0 — 0
1/ ..5 1.3 70 0.36
14 8.2 1.4 60 0.36
3/10 8.0 1.5 =— 0
3/10 6.9 1.2 — 0
/10 ..8 1.1 60 0.38
3/10 6.0 0.6 85 0.36
MULTITUBE WAVEJET ENGINE PERFORMANCE B
AN SPECIFIC
wor| o | RO | KT | g | PR | A
NO. | PRESSURE (L8.) (L8.) IMPULSE (L5./un.) | "MPULSE 'm;‘o
(IN Ha) (3EC. ) i (SEC.)
0.23]| 3-7 120 66.8 238 15.11 10 |23.8
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Table 3
EXPERIMENTAL ENGINE
M, = 0.9 . = 0.90 Q - 19200
.
o415 B =14.7 Co = 024
C=39 g, = 530 =14
oc =12.5
_a,clih) (1128.5)(3.9) (12.5) (4.15) _
A W‘b,ég'z (&%Ym)?z*a)’fmz} 0.0874
oy 36009 _ (3600)(32.2)
By =ar S (G M)+ 5/5 txa,  (3O)1z.5)z85) " !

= (0.928)(0.0874)(2.11 + 0.9)+ 0.606

=0.850

(e,/e,)i 3.2/
Ny = 0.236 Gy = 1.043

Pm/P, = 0.815
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Fig. 2 WAVE DIAGRAM OF ONE ENGINE CYCLE
CALCULATED BY THE METHOD OF CHARACTERISTICS
MACH NO. = 0.6b AIR FUEL RATIO = 33

CONFIDENTIAL



CONFIDENTIAL

L3MMYY ONY 13M09¥NL HLIM 13F3AVM Q3IGNONHS TvD1L13M03HL 4O SNOSINVINOD IINYWUO4¥3d
€ B4

.E..__ ._.=_-= SSONDY Gilvy IWNSEINJ WLGL “LIrWYE WIlLIR@ML (2)
CE91 OM MOILYII412348 INIDNI AJNLINA ¥ LIVN4 *LIrOswal 28~ (1)

& ON WIVYN "o O™
t 0"l 0 o'z 0 0
. 0 — 0

CEECI SO SR (. TR S0 SO -9 S I

MM
LSMIKL
1419348

L ]

-l- : "

CONFIDENTIAL



CONFIDENTIAL

MULTITUBE SHROUDED WAVEJET

CENTRAL CORE

fi A e :_1-",' P,
Te: | 2 Ty,
=@ X‘ \\ % o <8

ROTATING FRONT WAVE

VALVE PLATE TUBES CONSTANT AREA
MIXING REGION

CENTRAL CORE AREA = I/3 WAVE TUBE AREA

SHROUDED WAVEJET

P' WAVE TUBES P' P0=Pz
T4 CORE

ROTATING
Vi* O — — REAR VALVE

\ PLATE
ROTATING

FRONT VALVE
PLATE

CORE AREA = /3 WAVE TUBE AREA
SIMPLE UNSHROUDED WAVEJET

Fig. ¥ MULTITUBE WAVEJET CONFIGURATIONS
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PECIFIC

CON NPT I 0N
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SPECIFIC THRUST LB/ 1n?

Fig. 10

EXPER!MENTAL VARIATION OF AVERAGE MAXIMUN AND MINIMUM
SPECIFIC FUEL CONSUMPTION WITH SPECIFIC THRUST

FOR CONSTANT AREA WAVEJET

AlR
FUEL
RATIO

. 4 L2 1.6 20 s 28
SPECIFIC TRAUST 1.8/ 1nd

Fige 11

AVERACE MAXIMUM AND MINIMUM AIR FUEL RATIO VS.
SPECIFIC THRUST FOR SINGLE TUBE CONSTANT AREA WAVEJET
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ENGINE AIR
 CONSUMPT 104

OCIOIIIIIGIINIZI‘IC
RAM TOTAL PRESSURE (PSIA)

Fig. 13
SINGLE TUBE WAYEJET EMGIRE AIR CONSUNPTIO0H
BASED CN PRESSURE SURVEY RAKE
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WECFIC
™RUST

L n?

2 ' s 0 12 I8 16 s 2
AIR FUEL RATIO

Fig. 1%
AVERAGE MAXIMUM AND MINIMUM SPECIFIC THRUST OF
SINGLE TUBE CONSTANT AREA WAVEJET ¥S. AIR FUEL RATIO

° °o| 002 0.' °.' °os o.. 007 o.. OI.
FLIGHT MACN NO.

Fig. 15
AVERAGE MAXIMUM AND MINIMUM SPECIFIC THRUST V3.
FLIGHT MACH NUMBER FOR SINGLE TUBE CONSTANT AREA WAVEJET
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Fig. 16
AVERAGE MAXIMUM ARD MINIKUM SPECIFIC FUEL CONSUMPTION VS.

SPECIFIC THRUST FOR SINGLE TUBE CONSTANT AREA WAVEJET
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s .
: : : | ——— BEST EXPERIMENTAL WAVEJET DATA
SR S— S R t.. = EXTRAPOLATED WAVEJET DATA (APPENDIX )
B L T B A T D
SPECIFIC 3 ......... + ........ Frommenes: — ......
FUEL § : ; : = ' : ; i
consueTION | G — SO SO RN SN SOUUUS: WON: S I I
L/ MR 5
LB : :
2 ......... \. ......... Beccecacacbecectsceatocanccccctocncccccnbannnnsanay ..:' & - .~
: ~ B SEO - ., .......................................
TURBOJET (2) i : = :
‘ . : : : (1) THEORETICAL RAMJET.
Ll e e S T Foooeenees : TOTAL PRESSURE RATIO ACROSS ---------
: : ! : THE ENGINE 1S 0.75.
_.i(2) 9-67 TumBOVET. |
PRATT & WHiTNEY EMGINE
SPECIFICATION NO. 1637.
» : : : ;
0 0.5 1.0 1.5 2.0
MACH MO,
Fig. 19

SPECIFIC FUEL COMSUMPT |OW VS. MACH NUMBER COMPARISONS OF
BEST EXPERIMENTAL AND EXTRAPOLATED EXPER IMENTAL COMSTANT AREA
WAVEJET AND RAMJET AND TURBOJET AT SEA LEVEL
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: : : $ : : ¢ — ; ; :
3 e
: : ———— DPERIMGITAL MAVE/ET
: = — —— THEORETICAL WAVEJET
ot oo ragane muelis s ceasausasus o binmenbuinn s i s p-a- ‘ + + . - Fyu—
SO S-S WSS O S 3 3 e

MACH NO.

Fig. 20
PERFORMANCE COMPAR ISONS OF
BEST EXPERIMENTAL CONSTANT AREA WAVEJET
AND THEORETICAL CONSTANT AREA WAVEJET
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